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a b s t r a c t
Traditional scheduling problems assume that there are always infinitely many resources
for delivering finished jobs to their destinations, and no time is needed for their
transportation, so that finished products can be transported to customers without delay.
So, for coordination of these two different activities in the implementation of a supply
chain solution, we studied the problem of synchronizing production and air transportation
scheduling using mathematical programming models. The overall problem is decomposed
into two sub-problems, which consists of air transportation allocation problem and a
single machine scheduling problem which they are considered together. We have taken
into consideration different constraints and assumptions in our modeling such as special
flights, delivery tardiness and no delivery tardiness. For these purposes, a variety of models
have been proposed to minimize supply chain total cost which encompass transportation,
makespan, delivery earliness tardiness and departure time earliness tardiness costs.
© 2009 Published by Elsevier B.V.
1. Introduction
A supply chain consists of all parties involved, directly or indirectly, in fulfilling a customer request. The supply chain
includes suppliers, manufacturers, distributors, warehouses, retailers and even customers themselves. The key problem in
a supply chain is a coordinated management and control of these activities.
Production and distribution scheduling are traditionally regarded as separated tasks performed; but if two tasks are
performed concurrently, more realistic schedules, greater performance and higher productivity of a manufacturing system
can be achieved. In accordance with this view there is a need for a synchronized procedure for generating more realistic
production and distribution scheduling to be used in the supply chain. In this study, supply chain is illustrated in Fig. 1.
Within this chain, components are stored in inventory. On the receipt of an order from the customer, components and
materials required for production are transferred to production line, and then finished products are transferred to customers
using air transportation to meet their due dates. Synchronization of production and air transportation is important, as the
cost of missing a shipment in a scheduled flight is quite heavy and therefore, the missed shipment should be transported by
special flights or commercial flights. Therefore, in this paper, the extra cost corresponding to commercial flights thatwe need
to bear is called ‘‘departure time tardiness’’. The departure time earliness costs could result from the need for storing the order
at the production facility orwaiting charges at the airport. Delivery penalties are incurred bydelivering an order either earlier
or later than the committed due date to customers. The delivery tardiness cost includes customer dissatisfaction, contract
penalties, loss of sales, and potential loss of reputation for manufacturer and retailers. If the arrival time of allocated orders
in air transportation model is earlier than its due date, retailers encounter delivery earliness. Therefore, delivery earliness
cost is considered as the storing cost of orders by retailers.
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Fig. 1. Supply chain stages synchronization.
Westudy the problemunder twodifferent situations, onewith considering commercial flights and the otherwith absence
of commercial flights; we investigate two policies for each situation and they are as such: first policy considers delivery
tardiness and the second one assumes that no delivery tardiness is authorized. The overall problem is decomposed into two
coordinated tasks in each situation and policy. The first task is to allocate accepted orders to available flights’ capacities
to minimize the total transportation cost and delivery earliness tardiness penalties according to the related situation and
policy. The allocation is constrained by production such that allocation should be balanced with production capacity in
the same situation and policy. The remainder of this paper is organized as follows. In Section 2, the related works are
discussed. In Section 3, general assumptions considered throughout the paper are defined. In Sections 4–7, the related
models for two policies in the presence and absence of commercial flights are studied. In each section two models for air
transportation and production scheduling are proposed. Finally the conclusions and the future studies are presented in
Section 8.
2. Literature review
There is a little research on production scheduling considering air transportation. Li et al. [1] studied the synchronization
of single machine scheduling and air transportation with single destination. The overall problem is decomposed into air
transportation problem and single machine scheduling problem. They formulated two problems and then presented a
backward heuristic algorithm for single machine scheduling. Li et al. [2] extended their previous work to consider multiple
destinations in air transportation problem. Li et al. [3] showed the air transportation allocation has the structure of regular
transportation problem, while the single machine scheduling problem is NP-hard. They also proposed a forward heuristic
and a backward heuristic for single machine [4]. Li et al. [5] extended their work by considering parallel machines in
production. The problemwas formulated as a parallelmachinewith departure time earliness penalties. They also showed the
parallel machine scheduling problem is NP-Complete and a simulated annealing based heuristic algorithm was presented
to solve the parallel machine problem. They compared their simulated annealing algorithm with an operation method of a
factory in Singapore [6].
There also have been some discussions on synchronization of production and road transportation with emphasis on the
vehicle routing scheduling problem (e.g., [7–20]). In addition, considerable research has been conducted in production-
distribution integration. There are reviews on integrated analysis of production-distribution systems [21–24].
3. General assumptions
The problem is formulated based on the following assumptions;
1. The plant treated as a single machine.
2. Decisions of air transportation allocation and production scheduling are for the orders accepted in the previous
planning period.
3. There are multiple flights in the planning period with different transportation specifications such as cost, capacity, etc.
4. Business processing time and cost, together with loading time and loading cost for each flight are included in the
transportation time and transportation cost.
5. Local transportation transfers products from the plant to the airport. Local transportation time is assumed to be
included in transportation time.
6. Local transportation can transfer an order to the airport when the order is produced completely.
7. Orders released into plant for the planning period are delivered within the same planning period, which means there
are no production backlogs.
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4. With delivery tardiness, without commercial flight
4.1. The air transportation allocation problem
The air transportation model allocates orders to the existing transportation capacities that minimizes the total
transportation cost and weighted delivery earliness tardiness penalties. We first corrected and illustrated the model
proposed [3,4], and then extended the model to include T type capacity which is completely explained below.
Synchronization is incorporated into the model by including the constraint that balances the production rate of the plant
with the flight allocation.
The following notation is defined;
i, i′, j The order or job index, i = 1, 2, . . . ,N;
f , f ′ The flight index, f = 1, 2, . . . , F ;
k The destination index, k = 1, 2, . . . , K ;
Df The departure time of flight f at the local airport;
Af The arrival time of flight f at the destination;
NCf The transportation cost for per unit product when allocated to normal capacity area of flight f ;
SCf The transportation cost for per unit product when allocated to special capacity area of flight f ;
NCapf The available normal capacity of flight f ;
SCapf The available special capacity of flight f ;
Qi The quantity of order i;
αi The delivery earliness penalty cost (/unit/h) of order i;
βi The delivery tardiness penalty cost (/unit/h) of order i;
di The due date of order i;
Xif The quantity of the portion of order i allocated to flight f ’s normal capacity area;
Yif The quantity of the portion of order i allocated to flight f ’s special capacity area;
Desi The order i′s destination;
desf The flight f ′s destination;
LN A large positive number;
pi The processing time of order i.
Without loss of generality, it is assumed that D1 ≤ D2 ≤ · · · ≤ DF . The mathematical programming formulation of the
model is shown as follow:
min
N∑
i=1
F∑
f=1
NCf Xif +
N∑
i=1
F∑
f=1
SCf Yif +
N∑
i=1
F∑
f=1
αi ∗max
(
0, di − Af
) ∗ (Xif + Yif )
+
N∑
i=1
F∑
f=1
βi ∗max
(
0, Af − di
) ∗ (Xif + Yif ) (1)
s.t.:
LN ∗ Xif ∗ |Desi − desf | < 1 i = 1, . . . ,N; f = 1, . . . , F (2)
LN ∗ Yif ∗ |Desi − desf | < 1 i = 1, . . . ,N; f = 1, . . . , F (3)
N∑
i=1
Xif ≤ NCapf f = 1, . . . , F (4)
N∑
i=1
Yif ≤ SCapf f = 1, . . . , F (5)
F∑
f=1
(
Xif + Yif
) = Qi i = 1, . . . ,N (6)
N∑
i=1

max
(
0,
(
f∑
f ′=1
Xif ′ + Yif ′
)
− 0.5
)
(
f∑
f ′=1
Xif ′ + Yif ′
)
− 0.5
 pi ≤ Df f = 1, . . . , F (7)
Xif , Yif = Non-negative integer variables. (8)
The objective is to minimize overall total cost which consists of the total transportation cost for the orders allocated to
normal flight capacity, the total transportation cost for the orders allocated to special flight capacity, and the total delivery
earliness tardiness penalties cost. Constraint sets (2) and (3) ensure that if order i and flight f have different destinations,
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Table 1
Orders essential parameters.
i Desi Qi Pi
1 1 20 20
2 2 40 40
Table 2
Flights essential parameters.
f desf Df NCapf + SCapf
1 1 10 20
2 2 30 40
3 1 40 20
4 2 60 40
order i cannot be allocated to flight f . Constraint sets (4) and (5) ensure that the normal and special capacity of flight f is
not exceeded. Constraint set (6) ensures that order i is completely allocated. Constraint set (7) ensures that allocated orders
do not exceed production capacity. It ensures that total orders related to allocated quantities can be produced by sufficient
production capacity. With this constraint, transportation allocation is constrained by production, i.e., allocation should be
balanced with production capacity. Hence, the production scheduling problem can seek to determine a schedule ensuring
that the orders are completed on time and catch the flights.
The
(
max
(
0,
(∑f
f ′=1 Xif ′+Yif ′
)
−0.5
)
(∑f
f ′=1 Xif ′+Yif ′
)
−0.5
)
is a technique that transforms the allocated quantities of order i to flights that their
departure times are less than or equal to f
(∑f
f ′=1 Xif ′ + Yif ′
)
to 0 and 1. If
(∑f
f ′=1 Xif ′ + Yif ′
)
be more than 0, the output
will be 1 else will be 0.
Tomore explanation of this constraint, we studied and examined the possibility of two solutions (possible and impossible
solutions). Consider a simple example of two orders (N = 2)with distinct destination 1 and 2 (Des1 = 1 and Des2 = 2) such
that each order can be transported by two flights with different departure times (F = 4, des1 = 1, des2 = 2, des3 = 1 and
des4 = 2). The other essential information is given in Tables 1 and 2.
Impossible solution: X11 + Y11 = 10, X22 + Y22 = 20, X13 + Y13 = 10, X24 + Y24 = 20.
f = 1:

max
(
0,
(
1∑
f ′=1
X1f ′ + Y1f ′
)
− 0.5
)
(
1∑
f ′=1
X 1f ′+ Y1f ′
)
− 0.5
 p1 +

max
(
0,
(
1∑
f ′=1
X2f ′ + Y2f ′
)
− 0.5
)
(
1∑
f ′=1
X 2f ′+ Y2f ′
)
− 0.5
 p2 ≤ D1
⇒
(
max (0, (X11 + Y11)− 0.5)
(X11 + Y11)− 0.5
)
p1 +
(
max (0, (X21 + Y21)− 0.5)
(X21 + Y21)− 0.5
)
p2 ≤ D1
⇒
(
max (0, 10− 0.5)
10− 0.5
)
p1 +
(
max (0, 0− 0.5)
0− 0.5
)
p2 ≤ D1
⇒ 1× p1 + 0× p2 ≤ D1 ⇒ 20 ≤ 10.
The allocated quantity of order 1 to flight 1 (X11 + Y11) is equal to 10
( 1
2Q1
)
and the needed processing time of this
quantity is equal to 10
( 1
2p1
)
. But, due to no split in production scheduling, the total order 1 must processed before flight 1
and it is impossible. Therefore the order 1 should allocate to flights so that their departure times be greater.
Possible solution: X13 + Y13 = 20, X24 + Y24 = 40.
In this solution no quantity is allocated to flight 1 and 2. Hence we examine the solution for flights 3 and 4.
f = 3:

max
(
0,
(
3∑
f ′=1
X1f ′ + Y1f ′
)
− 0.5
)
(
3∑
f ′=1
X 1f ′+ Y1f ′
)
− 0.5
 p1 +

max
(
0,
(
3∑
f ′=1
X2f ′ + Y2f ′
)
− 0.5
)
(
3∑
f ′=1
X 2f ′+ Y2f ′
)
− 0.5
 p2 ≤ D3
⇒
(
max (0, (X11 + Y11 + X12 + Y12 + X13 + Y13)− 0.5)
(X11 + Y11 + X12 + Y12 + X13 + Y13)− 0.5
)
p1
+
(
max (0, (X21 + Y21 + X22 + Y22 + X23 + Y23)− 0.5)
(X21 + Y21 + X22 + Y22 + X23 + Y23)− 0.5
)
p2 ≤ D3
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⇒
(
max (0, 20− 0.5)
20− 0.5
)
p1 +
(
max (0, 0− 0.5)
0− 0.5
)
p2 ≤ D3
⇒ 1× p1 + 0× p2 ≤ D3 ⇒ 20 ≤ 30.
f = 4:

max
(
0,
(
4∑
f ′=1
X1f ′ + Y1f ′
)
− 0.5
)
(
4∑
f ′=1
X 1f ′+ Y1f ′
)
− 0.5
 p1 +

max
(
0,
(
4∑
f ′=1
X2f ′ + Y2f ′
)
− 0.5
)
(
4∑
f ′=1
X 2f ′+ Y2f ′
)
− 0.5
 p2 ≤ D4
⇒
(
max (0, (X11 + Y11 + X12 + Y12 + X13 + Y13 + X14 + Y14)− 0.5)
(X11 + Y11 + X12 + Y12 + X13 + Y13 + X14 + Y14)− 0.5
)
p1
+
(
max (0, (X21 + Y21 + X22 + Y22 + X23 + Y23 + X24 + Y24)− 0.5)
(X21 + Y21 + X22 + Y22 + X23 + Y23 + X24 + Y24)− 0.5
)
p2 ≤ D4
⇒
(
max (0, 20− 0.5)
20− 0.5
)
p1 +
(
max (0, 40− 0.5)
40− 0.5
)
p2 ≤ D4
⇒ 1× p1 + 1× p2 ≤ D3 ⇒ 60 ≤ 60.
We can also use constraint set (9) or constraint sets (10) and (11) or constraint set (12) instead of constraint sets (2)
and (3).(
Xif + Yif
) ∗ |Desi − desf | < 1 i = 1, 2, . . . ,N; f = 1, 2, . . . , F (9)
Xif ∗
(
Desi − desf
) = 0 i = 1, 2, . . . ,N; f = 1, 2, . . . , F (10)
Yif ∗
(
Desi − desf
) = 0 i = 1, 2, . . . ,N; f = 1, 2, . . . , F (11)(
Xif + Yif
) ∗ (Desi − desf ) = 0 i = 1, 2, . . . ,N; f = 1, 2, . . . , F . (12)
For the air transportation problem, each order can be taken as a supply point and each flight’s capacity can be taken as a
demand point. It is noted that the normal capacity and special capacity of each flight are considered as two demand points
with different transportation costs. In many industries, we may have only one or more than two types of capacity in each
flight. Therefore, we considered the notation as follows:
Cap1f = NCapf
Cap2f = SCapf
Captf The available tth type capacity of flight f that t = 1, 2, . . . , T ; f = 1, 2, . . . , F ;
Tc1f = NCf
Tc2f = SCf
Tctf The transportation cost for per unit product when allocated to tth type capacity of flight f ;
q1if = Xif
q2if = Yif
qtif The quantity of portion of order i allocated to type t capacity of flight f .
If for a given flight f , we have h type capacity, the Capt,f that t = h + 1, . . . , T will be zero. Therefore the problem is
formulated as follows:
min
T∑
t=1
N∑
i=1
F∑
f=1
Tctf qtif +
T∑
t=1
N∑
i=1
F∑
f=1
αi ∗max
(
0, di − Af
) ∗ qtif + T∑
t=1
N∑
i=1
F∑
f=1
βi ∗max
(
0, Af − di
) ∗ qtif (13)
s.t.: (
T∑
t=1
qtif
)
∗ (Desi − desf ) = 0 i = 1, 2, . . . ,N; f = 1, 2, . . . , F (14)
N∑
i=1
qtif ≤ Captf t = 1, 2, . . . , T ; f = 1, 2, . . . , F (15)
T∑
t=1
F∑
f=1
qtif = Qi i = 1, 2, . . . ,N (16)
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Table 3
Orders parameters.
i Desi Qi Pi di αi βi
1 1 15 5 35 4 8
2 2 20 7 45 3 10
3 1 30 6 50 2 7
4 2 25 4 75 5 12
5 2 10 3 80 2 6
Table 4
Flights parameters.
f desf Df Af Cap1f Cap2f Tc1f Tc2f
1 2 30 33 12 15 25 36
2 1 35 36 16 9 30 44
3 1 35 37 8 18 20 28
4 1 40 41 11 13 15 25
5 2 40 43 10 11 18 27
6 2 45 48 5 12 23 29
7 1 50 52 10 20 19 27
8 1 55 57 8 5 26 41
9 2 55 56 15 5 13 23
Table 5
Solution results.
i f = 1 f = 2 f = 3 f = 4 f = 5 f = 6 f = 7 f = 8 f = 9
q1i1 q2i1 q1i2 q2i2 q1i3 q2i3 q1i4 q2i4 q1i5 q2i5 q1i6 q2i6 q1i7 q2i7 q1i8 q2i8 q1i9 q2i9
1 0 0 7 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 10 10 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 11 0 0 0 0 0 10 9 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 15 5
5 0 0 0 0 0 0 0 0 0 0 0 10 0 0 0 0 0 0
N∑
i=1

max
(
0,
(
T∑
t=1
f∑
f ′=1
qtif ′
)
− 0.5
)
(
T∑
t=1
f∑
f ′=1
qtif ′
)
− 0.5
 pi ≤ Df f = 1, 2, . . . , F (17)
qtif = Non-negative integer variable. (18)
4.1.1. Numerical example
In order to validate and verify the proposed models, a common small problem is solved by the Lingo 8 software in all
models. Consider a case of five orders (N = 5)with two destinations 1 and 2 (Des1 = 1,Des2 = 2,Des3 = 1,Des4 = 2 and
Des5 = 2) such that orders 1 and 2 can be transported by five and four flights respectively which have two types of capacity
(F = 9, T = 2, des1 = 2, des2 = 1, des3 = 1, des4 = 1, des5 = 2, des6 = 2, des7 = 1, des8 = 1 and des9 = 2). The other
parameters values for test problem are showed in Tables 3 and 4.
The results obtained from solving the test problem are shown in Table 5.
4.2. The production scheduling problem
The next task of the solution process is to determine the sequence and completion time for the allocated orders in
production. This requires solving a production scheduling problem to ensure that allocated orders catch their flights so
that total departure time earliness cost and plant cost is minimized. Transportation allocation results are the inputs for the
production problem which include the order’s quantities allocated to flights. The required notation to present the model is
as follows:
ci The completion time of order or job i;
α′i The per hour earliness penalty of order or job i for production;
p The position or sequence of order i p = 1, 2, . . . ,N;
uip 1 if order i be in position p, 0 otherwise;
λ The per hour plant costs (including machine cost, operator wages and other production variable costs which is
completely related to the length of working hours);
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Ii The idle time before order i in the schedule;
Cmax The maximum completion time of orders that is equal to shut down time of shop;
min
T∑
t=1
N∑
i=1
F∑
f=1
α′i ∗
(
Df − ci
) ∗ qtif + λ Cmax (19)
s.t.:
N∑
p=1
uip = 1 i = 1, 2, . . . ,N (20)
N∑
i=1
uip = 1 p = 1, 2, . . . ,N (21)
N∑
p=1
(
uip
(
pi + Ii +
p−1∑
p′=1
N∑
i′ 6=1
ui′p′ (Pi′ + Ii′)
))
= ci i = 1, 2, . . . ,N (22)
ci ≤

min
f

Dfmaxf
(
0,
(
T∑
t=1
qtif
)
−0.5
)
(
T∑
t=1
qtif
)
−0.5
+ 1LN


(
1+ 1
LN
)
i = 1, 2, . . . ,N (23)
N∑
i=1
uiNci = Cmax (24)
Ii ≥ 0 i = 1, 2, . . . ,N (25)
uip ∈ {0, 1} i = 1, 2, . . . ,N; p = 1, 2, . . . ,N. (26)
The decision variables are ci, Ii, uip and Cmax. The objective function is to minimize the total weighted earliness penalties
of jobs and plant cost. Constraint sets (20) and (21) state that each job has to be assigned to a position, and each position has
to be covered by a job (assignment constraints). Constraint set (22) calculates completion time of jobs, considering inserted
idle times among jobs. Due to absence of commercial flights, all jobs must catch their scheduled flights. Constraint set (23)
ensures that order i catches all of its departure times or the completion time of an order is less than or equal to the flights
that allocated to them and not all flights. It means that all jobs must catch their all related scheduled flights.
For example consider a case with four flights with different departure times (D1 = 20,D2 = 40,D3 = 60 and D4 = 80)
for an order i with quantity equal to 20 (Qi = 20). The order is allocated to flights 2 and 4 (∑Tt=1 qti1 = 0,∑Tt=1 qti2 =
5,
∑T
t=1 qti3 = 0 and
∑T
t=1 qti4 = 15). Since the order is allocated to flights 2 and 4, the completion time should be less than
or equal to D2 and D4 or min (D2,D4) or 40. As shown in below, this constraint make a procedure that the completion time
of an order must be less than or equal to the minimum of flights that allocated to them.
ci ≤

min

D1max
(
0,
(
T∑
t=1
qti1
)
−0.5
)
(
T∑
t=1
qti1
)
−0.5
+ 11000
,
D2max
(
0,
(
T∑
t=1
qti2
)
−0.5
)
(
T∑
t=1
qti2
)
−0.5
+ 11000
,
D3max
(
0,
(
T∑
t=1
qti3
)
−0.5
)
(
T∑
t=1
qti3
)
−0.5
+ 11000
,
D4max
(
0,
(
T∑
t=1
qti4
)
−0.5
)
(
T∑
t=1
qti4
)
−0.5
+ 11000


(
1+ 1
1000
)
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⇒ ci ≤
min
 20(
max(0,0−0.5)
0−0.5
)
+ 11000
,
40(
max(0,5−0.5)
5−0.5
)
+ 11000
,
60(
max(0,0−0.5)
0−0.5
)
+ 11000
,
80(
max(0,15−0.5)
15−0.5
)
+ 11000
(1+ 1
1000
)
⇒ ci ≤
(
min
(
20
0+ 11000
,
40
1+ 11000
,
60
0+ 11000
,
80
1+ 11000
))(
1+ 1
1000
)
⇒ ci ≤
(
min
(
20000,
40
1.001
, 60000,
80
1.001
))
× 1.001
⇒ ci ≤
(
40
1.001
)
× 1.001⇒ ci ≤ 40.
Constraint set (24) calculates Cmax and can be replaced by the constraint set (27).
Cmax ≥ ci i = 1, 2, . . . ,N. (27)
The total cost of overall problem is the sum of objective function of air transportation and production schedulingmodels.
Thus the total cost is as follows:
Total cost =
T∑
t=1
N∑
i=1
F∑
f=1
Tctf qtif +
T∑
t=1
N∑
i=1
F∑
f=1
αi ∗max
(
0, di − Af
) ∗ qtif + T∑
t=1
N∑
i=1
F∑
f=1
βi ∗max
(
0, Af − di
) ∗ qtif
+
T∑
t=1
N∑
i=1
F∑
f=1
α′i ∗
(
Df − ci
) ∗ qtif + λCmax. (28)
4.2.1. Numerical example
The other required parameters are as follows:
α′1 = 2, α′2 = 5, α′3 = 4, α′4 = 3, α′5 = 3, λ = 20.
The solutions are as follows:
c1 = 25, c2 = 32, c3 = 38, c4 = 45, c5 = 41, Cmax = 45, I1 = 20, I2 = 0,
I3 = 0, I4 = 0, I5 = 0, u11 = 1, u22 = 1, u33 = 1, u45 = 1, u54 = 1.
5. No delivery tardiness, without commercial flight
5.1. The air transportation allocation problem
Since no tardiness is authorized, the objective function does not include the delivery tardiness costs and minimizes the
total transportation costs and weighted delivery earliness penalties. Therefore, constraint set (30) ensures that the arrival
time of all flights allocated to the order i is less than or equal to its delivery due date. The problem under study can be
formulated as follows:
min
T∑
t=1
N∑
i=1
F∑
f=1
Tctf qtif +
T∑
t=1
N∑
i=1
F∑
f=1
αi ∗
(
di − Af
) ∗ qtif (29)
s.t.: 
max
(
0,
(
T∑
t=1
qtif
)
− 0.5
)
(
T∑
t=1
qtif
)
− 0.5
(Af − di) ≤ 0 i = 1, 2, . . . ,N; f = 1, 2, . . . , F . (30)
The other constraints of the model are the same as constraint sets (14)–(18).
5.1.1. Numerical example
The solutions with the above situations are shown in Table 6.
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Table 6
Solution results.
i f = 1 f = 2 f = 3 f = 4 f = 5 f = 6 f = 7 f = 8 f = 9
q1i1 q2i1 q1i2 q2i2 q1i3 q2i3 q1i4 q2i4 q1i5 q2i5 q1i6 q2i6 q1i7 q2i7 q1i8 q2i8 q1i9 q2i9
1 12 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 9 11 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 11 12 0 0 5 2 10 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 3 1 0 1 0 15 5
5 0 0 0 0 0 0 0 0 0 0 0 7 1 0 1 0 0 0
5.2. The production scheduling problem
Similar to the model presented in Section 4.2 the objective function is to minimize the weighted earliness penalties and
plant cost, and all jobs must catch their scheduled flights. So the objective function and constraints of the model are the
same as in the model of Section 4.2. Total cost of the overall problem is the sum of objective function of two sub-problem
of this section and is as follows:
Total cost =
T∑
t=1
N∑
i=1
F∑
f=1
Tctf qtif +
T∑
t=1
N∑
i=1
F∑
f=1
αi ∗
(
di − Af
) ∗ qtif + T∑
t=1
N∑
i=1
F∑
f=1
α′i ∗
(
Df − ci
) ∗ qtif + λCmax. (31)
5.2.1. Numerical example
The solutions are as follows:
c1 = 27, c2 = 34, c3 = 40, c4 = 45, c5 = 22, Cmax = 45, I1 = 0, I2 = 0,
I3 = 0, I4 = 1, I5 = 19, u12 = 1, u23 = 1, u34 = 1, u45 = 1, u51 = 1.
6. With delivery tardiness, with commercial flight
6.1. The air transportation allocation problem
With this assumptions the objective function is tominimize the total transportation cost that include commercial flight’s
cost and delivery earliness tardiness penalties of orders allocated to flight’s capacity type 1st to T th. The objective function
excludes earliness tardiness penalties of commercial flights, because the departure time of commercial flight for order i
depends on its completion time. Since we consider the commercial flights in this model, the constraint set (33) is replaced
instead of constraint set (16) and the constraint sets (34) and (35) are replaced instead of constraint set (17). Similar to
constraint sets (7) and (17), these constraints ensure that the total orders which a portion of them are allocated to flights
and commercial flights, can be produced by sufficient production capacity. Also the
(
min
(
0,MDi−Df− 1LN
)
MDi−Df− 1LN
)
is a technique that
its output is 0 and 1. IfMDi ≤ Df the result will be 1 or else will be 0.
min
T∑
t=1
N∑
i=1
F∑
f=1
Tctf qtif +
T∑
t=1
N∑
i=1
F∑
f=1
αi ∗max
(
0, di − Af
) ∗ qtif + T∑
t=1
N∑
i=1
F∑
f=1
βi ∗max
(
0, Af − d
) ∗ qtif
+
N∑
i=1
β ′i ∗ q(T+1)i (32)
s.t.:
T∑
t=1
F∑
f=1
qtif + q(T+1)i = Qi i = 1, 2, . . . ,N (33)
N∑
i=1


max
(
0,
(
T∑
t=1
f∑
f ′=1
qtif ′
)
− 0.5
)
(
T∑
t=1
f∑
f ′=1
qtif ′
)
− 0.5
+

1−

max
(
0,
(
T∑
t=1
f∑
f ′=1
qtif ′
)
− 0.5
)
(
T∑
t=1
f∑
f ′=1
qtif ′
)
− 0.5


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Table 7
Solution results.
i f = 1 f = 2 f = 3 f = 4 f = 5 f = 6 f = 7 f = 8 f = 9
q1i1 q2i1 q1i2 q2i2 q1i3 q2i3 q1i4 q2i4 q1i5 q2i5 q1i6 q2i6 q1i7 q2i7 q1i8 q2i8 q1i9 q2i9
1 0 0 7 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 10 10 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 11 0 0 0 0 0 10 9 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
×
(
max
(
0, q(T+1)i − 0.5
)
q(T+1)i − 0.5
)(
min
(
0,MDi − Df − 1LN
)
MDi − Df − 1LN
)
 pi ≤ Df f = 1, 2, . . . , F (34)
i∑
i′=1
1−

max
(
0,
(
T∑
t=1
F∑
f=1
(
min
(
0,Df−MDi− 1LN
)
Df−MDi− 1LN
)
qti′f
)
− 0.5
)
(
T∑
t=1
F∑
f=1
(
min
(
0,Df−MDi− 1LN
)
Df−MDi− 1LN
)
qti′f
)
− 0.5


(
max
(
0, q(T+1)i − 0.5
)
q(T+1)i − 0.5
)
pi′
+
N∑
i′=1

max
(
0,
(
T∑
t=1
F∑
f=1
(
min
(
0,Df−MDi− 1LN
)
Df−MDi− 1LN
)
qti′f
)
− 0.5
)
(
T∑
t=1
F∑
f=1
(
min
(
0,Df−MDi− 1LN
)
Df−MDi− 1LN
)
qti′f
)
− 0.5
 pi′ ≤ MDi i = 1, 2, . . . ,N (35)
q(T+1)i = Non-negative integer variable. (36)
The other constraint sets are constraint sets (14), (15) and (18), while β ′i andMDi are as follows:
β ′i Per unit transportation cost of job iwhen transported by a commercial flight;
MDi Maximum departure time of commercial flight for order i that can catch its due date.
MDi is equal to delivery due date of order i subtract from the time of commercial flight for order i and without loss of
generality, and we assume that jobs are number in increasing order ofMD at the beginning such thatMD1 ≤ MD2 ≤ · · · ≤
MDN .
6.1.1. Numerical example
The other parameters are as follows:
β ′1 = 85, β ′2 = 75, β ′3 = 80, β ′4 = 60, β ′5 = 55, MD1 = 32, MD2 = 44,
MD3 = 48, MD4 = 72, MD1 = 78.
The solutions shows that orders 4 and 5 completely allocated to its commercial flights (q34 = 25 and q35 = 10) and no
quantity allocated to another commercial flights (q31 = 0, q32 = 0 and q33 = 0). Also the other results are shown in Table 7.
6.2. The production scheduling problem
Considering commercial flights and delivery tardiness, the orders can miss their scheduled flights and transported by
commercial flights. Therefore the objective function consists of transportation cost of flight type 1st to T th, departure
time earliness tardiness cost for orders that catch their flights and transportation cost of commercial flights, minimum of
departure time and delivery earliness costs and delivery tardiness cost for orders do not catch their flights. Also the objective
function include theminimumof departure time anddelivery earliness anddelivery tardiness cost for scheduled commercial
flights in air transportation allocation model. Those groups of orders which are supposed to be transported by commercial
flights and their completion time is less than their MD, if α′i ≤ αi, departure time of commercial flight i will be MDi and if
α′i ≥ αi, the departure time will be ci. This happens because the departure time of commercial flights are arbitrary. So we
regard min(α′i , αi) as earliness cost. The proposed model is as follows:
min
T∑
t=1
N∑
i=1
F∑
f=1
(((
min
(
0, ci − Df − 1LN
)
ci − Df − 1LN
) ((
Tctf ∗ qtif
)+ (α′i ∗ (Df − ci) ∗ qtif )
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Table 8
Solution results.
i f = 1 f = 2 f = 3 f = 4 f = 5 f = 6 f = 7 f = 8 f = 9
q1i1 q2i1 q1i2 q2i2 q1i3 q2i3 q1i4 q2i4 q1i5 q2i5 q1i6 q2i6 q1i7 q2i7 q1i8 q2i8 q1i9 q2i9
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 10 10 0 0 0 0 0 0 0 0
3 0 0 0 0 6 0 11 13 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
+ ((αi ∗max (0, di − Af ) ∗ qtif )+ (βi ∗max (0, Af − di) ∗ qtif ))))+ ((1− (min (0, ci − Df − 1LN )
ci − Df − 1LN
))
× ((β ′i ∗ qtif )+ (min (α′i , αi) ∗max (0,MDi − ci) ∗ qtif )+ (βi ∗max (0, ci −MDi) ∗ qtif ))
))
+
N∑
i=1
((
min(α′i , αi) ∗max(0,MDi − ci) ∗ q(T+1)i
)+ (βi ∗max (0, ci −MDi) ∗ q(T+1)i))+ λCmax. (37)
The constraints of this model are the same as constraint sets (20)–(22), (24)–(26) and (36).
The total cost of overall problem is equal to sum of objective function of the abovementioned model and transportation
cost of scheduled commercial flights in the air transportation allocation model, and can be stated as follows:
Total cost =
T∑
t=1
N∑
i=1
F∑
f=1
(((
min
(
0, ci − Df − 1LN
)
ci − Df − 1LN
) ((
Tctf ∗ qtif
)+ (α′i ∗ (Df − ci) ∗ qtif )
+ ((αi ∗max (0, di − Af ) ∗ qtif )+ (βi ∗max (0, Af − di) ∗ qtif ))))
+
((
1−
(
min
(
0, ci − Df − 1LN
)
ci − Df − 1LN
)) ((
β ′i ∗ qtif
)+ (min (α′i , αi) ∗max (0,MDi − ci) ∗ qtif )
+ (βi ∗max (0, ci −MDi) ∗ qtif ))))+ N∑
i=1
((
β ′i ∗ q(T+1)i
)
+ (min (α′i , αi) ∗max (0,MDi − c) ∗ q(T+1)i)+ (βi ∗max (0, ci −MDi) ∗ q(T+1)i))+ λCmax. (38)
6.2.1. Numerical example
The solutions are as follows:
c1 = 55, c2 = 44, c3 = 50, c4 = 37, c5 = 58, Cmax = 58, I1 = 0, I2 = 0,
I3 = 0, I4 = 33, I5 = 0, u14 = 1, u22 = 1, u33 = 1, u41 = 1, u55 = 1.
7. No delivery tardiness, with commercial flight
7.1. The air transportation allocation problem
Since the delivery tardiness is not authorized, the objective function excludes delivery tardiness and we need to make
sure that all orders catch all their flights.
min
T∑
t=1
N∑
i=1
F∑
f=1
((
Tctf ∗ qtif
)+ (αi ∗ (di − Af ) ∗ qtif ))+ N∑
i=1
β ′i ∗ q(T+1)i. (39)
The constraints are the same as constraint sets (14), (15), (18), (30) and (33)–(36).
7.1.1. Numerical example
The solutions show that plus orders 4 and 5, order 1 completely allocated to its commercial flight (q31 = 15, q32 = 0,
q33 = 0, q34 = 25 and q35 = 10). The quantities allocated to flights 1 to 9 are showed in Table 8.
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7.2. The production scheduling problem
Since no delivery tardiness is authorized, constraint sets (41) and (42) ensure that orders allocated to commercial
flight in this model and scheduled commercial flight in the air transportation allocation model can catch their delivery
due date. Constraint set (41) states that if the completion time of order i allocated to flight f is greater than its flights
departure time, must be less than or equal to its MD. Similarly, constraint set (42) states that the completion time of
orders that allocated to their commercial flights must be less than or equal to their MD. Note that the orders allocated to
scheduled flight were previously ensured by constraint (30) in air transportation allocationmodel. The proposedmodel is as
follows:
min
T∑
t=1
N∑
i=1
F∑
f=1
(((
min
(
0, ci − Df − 1LN
)
ci − Df − 1LN
) ((
Tctf ∗ qtif
)+ (α′i ∗ (Df − ci) ∗ qtif )+ (αi ∗ (di − Af ) ∗ qtif ))
)
+
((
1−
(
min
(
0, ci − Df − 1LN
)
ci − Df − 1LN
)) ((
β ′i ∗ qtif
)+ (min (α′i , αi) ∗ (MDi − ci) ∗ qtif ))
))
+
N∑
i=1
(
min
(
α′i , αi
) ∗ (MDi − ci) ∗ q(T+1)i) (40)
s.t.: 
max
(
0,
(
T∑
t=1
qtif
)
− 0.5
)
(
T∑
t=1
qtif
)
− 0.5

(
1−
(
min
(
0, ci − Df − 1LN
)
ci − Df − 1LN
))
(ci −MDi) ≤ 0
i = 1, 2, . . . ,N; f = 1, 2, . . . , F (41)(
max
(
0, q(T+1)i − 0.5
)
q(T+1)i − 0.5
)
(ci −MDi) ≤ 0 i = 1, 2, . . . ,N. (42)
The other constraints are the same as constraint sets (20)–(22), (24)–(26) and (36).
Similar to the previous section, the total cost is equal to sum of objective function of this model and transportation cost
of scheduled commercial flights in the air transportation allocation model.
Total cost =
T∑
t=1
N∑
i=1
F∑
f=1
(((
min
(
0, ci − Df − 1LN
)
ci − Df − 1LN
) ((
Tctf ∗ qtif
)+ (α′i ∗ (Df − ci) ∗ qtif )+ (αi ∗ (di − Af ) ∗ qtif ))
)
+
((
1−
(
min
(
0, ci − Df − 1LN
)
ci − Df − 1LN
)) ((
β ′i ∗ qtif
)+ (min (α′i , αi) ∗ (MDi − ci) ∗ qtif ))
))
+
N∑
i=1
((
β ′i ∗ q(T+1)i
)+ (min (α′i , αi) ∗ (MDi − ci) ∗ q(T+1)i)) . (43)
7.2.1. Numerical example
The solutions are as follows:
c1 = 32, c2 = 41, c3 = 48, c4 = 72, c5 = 68, Cmax = 72, I1 = 27, I2 = 1,
I3 = 2, I4 = 0, I5 = 17, u11 = 1, u22 = 1, u33 = 1, u45 = 1, u54 = 1.
8. Conclusion
In this paper, we studied a supply chain synchronization problem. We have presented several models with different
policies and assumptions. Numerical examples were performed to validate and verify the proposed models. Since there are
a few researches in the synchronization of air transportation and production scheduling in supply chains, this subject can
be developed with much research. Further research can be conducted to consider other production configuration such as,
parallel machines, flow shops, job shops, etc. Meta heuristics can also be applied to solve the proposed models. Future work
can also be conducted by all assumptions that are studied in production scheduling and transportation scheduling research
such as, set up time, ready time, stochastic processing time, non-split in transportation allocation, etc.
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